The present investigation examined the specificity of the salivary immune response of axenic and conventional mice to topically administered Salmonella typhi, S. gallinarum, and S. typhimurium. Specific antibacterial antibodies were determined by passive hemagglutination and bacterial agglutination. Reciprocal antibody titers up to 320 were detected in saliva from mice immunized and assayed with homologous antigens. Antibodies to heterologous immunogens exhibited lower mean titers of 10 to 20 under identical conditions. High concentrations of specific antibodies to the somatic (0) antigen were detected in the saliva of mice administered these microorganisms; however, no significant differences in serum antibody levels were detectable after oral immunization. Only low levels of specific antiflagellar (H) antibodies were demonstrated in the saliva of immunized mice, whereas mean reciprocal titers of 20 were observed in the serum. Antibodies to the Vi antigen of S. typhi were detected in the saliva and serum of only those mice administered formalin-treated S. typhi. Examination ofthe classes of antibody elicited by these organisms indicated that immunoglobulin A (IgA) was the predominant class in saliva against the 0 antigens. The salivary response to the H antigens was comprised of both IgG and IgA, whereas the specific serum immunoglobulins were consistent with a primary humoral immune reaction. Local antibodies formed in response to the Vi antigen were exclusively IgG. Serum immunoglobulins produced after peroral administration ofthe somatic and virulence antigens were limited to the IgM class.
The present investigation examined the specificity of the salivary immune response of axenic and conventional mice to topically administered Salmonella typhi, S. gallinarum, and S. typhimurium. Specific antibacterial antibodies were determined by passive hemagglutination and bacterial agglutination. Reciprocal antibody titers up to 320 were detected in saliva from mice immunized and assayed with homologous antigens. Antibodies to heterologous immunogens exhibited lower mean titers of 10 to 20 under identical conditions. High concentrations of specific antibodies to the somatic (0) antigen were detected in the saliva of mice administered these microorganisms; however, no significant differences in serum antibody levels were detectable after oral immunization. Only low levels of specific antiflagellar (H) antibodies were demonstrated in the saliva of immunized mice, whereas mean reciprocal titers of 20 were observed in the serum. Antibodies to the Vi antigen of S. typhi were detected in the saliva and serum of only those mice administered formalin-treated S. typhi. Examination ofthe classes of antibody elicited by these organisms indicated that immunoglobulin A (IgA) was the predominant class in saliva against the 0 antigens. The salivary response to the H antigens was comprised of both IgG and IgA, whereas the specific serum immunoglobulins were consistent with a primary humoral immune reaction. Local antibodies formed in response to the Vi antigen were exclusively IgG. Serum immunoglobulins produced after peroral administration ofthe somatic and virulence antigens were limited to the IgM class.
Numerous studies have indicated that the route of immunization rather than the chemical structure ofan antigen may be the determining factor in the production of secretory and/or serum immunoglobulin A (IgA) antibodies (22) . Induction of IgA has been accomplished by the local administration of numerous antigens, including ferritin (2) , bovine serum albumin (11, 23, 25) , diphtheria and tetanus toxoids (21, 31) , sheep erythrocytes (25) , and various haptens (8, 14) . Similarly, viruses and bacteria (27) have been shown to stimulate both local and systemic IgA after natural infections and immunization. The role of secretory antibodies in immunity to bacterial infections was also examined in gastrointestinal diseases (5, 9, 10, 15, 17, 18, 20, 26, 28, 32; Collection of specimens. Serum and pilocarpinestimulated saliva were collected and prepared as described previously (19) .
Preparation of bacteria for immunization. Salmonella typhi, Salmonella typhimurium, and Salmonella gallinarum were grown in 250 ml of brain heart infusion broth at 37 C. (S. typhi and S. typhimurium were obtained as pure cultures from the Clinical Diagnostic Laboratory, School of Dental, Medicine, University of Pittsburgh; S. gallinarum was obtained as a pure culture from the laboratory of P. A. Hoffee, School of Medicine, University of Pittsburgh.) At 96 h the cultures were killed by bringing the suspension to a 2% formalin concentration for 16 h. The cultures were harvested and washed three times with sterile 0.15 M NaCl. The antigens were resuspended to a concentration of approximately 2 x 10'0 organisms/ml (15%, vol/vol) using a Petroff-Hauser counting chamber. Viability cf the cultures was checked by plating on Salmonella-Shigella agar plates (Difco Laboratories, Detroit, Mich.).
Preparation of bacterial antigens from S. typhi. The somatic (0) antigen of S. typhi was prepared by boiling an 18-h culture of the bacteria for 2.5 h. The suspensions was centrifuged at 1,400 x g for 15 min, and the pellet was resuspended in 95% ethanol. This was then incubated at 37 C for 4 h, followed by three washes with sterile 0.15 M NaCl. The antigen concentration was adjusted to 2 x 1010 organisms/ml.
The flagellar antigen preparation of S. typhi was prepared according to the method of Sedlak (24) . An 18-h culture of the organisms was harvested and washed with sterile phosphate-buffered saline, pH 7.2. The bacteria were resuspended in phosphatebuffered saline and brought to a 0.5% formalin concentration with 10% buffered formalin (Fisher Scientific Co., Pittsburgh, Pa.). This mixture was incubated for 18 h at 37 C, washed with sterile phosphate-buffered saline, and standardized as described previously. The resultant H antigen preparation was used in the immunization of the axenic mice. The viability of both the 0 and H antigen preparations was determined by plating on Salmonella-Shigella agar plates.
Serological assays of antibody production. A passive hemagglutination procedure was employed, using soluble antigens prepared from cultures of the Salmonella species. Culture supernatants were removed after pelleting an 18-h culture of the organisms at 2,000 x g for 10 min. These were concentrated by rapid pervaporation, and Lowry (16) protein determinations were used to standardize the solutions. The culture fluid antigen concentrations were standardized to 2.0 mg/ml (protein) for the attachment procedure. Tannic acid treatment was used to attach the antigens to sheep erythrocytes for the passive hemagglutination technique (30) .
Bacterial agglutination was performed as described previously (4), using serological somatic and flagellar antigens (Difco) from the Salmonella species. Specific antisera against each of the antigens were purchased (Difco) as positive control specimens in the study.
Immunization of mice. Groups of seven mice were orally sensitized for 14 consecutive days by applying the bacterial antigen preparations to the oral cavity with cotton swabs. Each swab contained approximately 0.2 to 0.25 ml of the bacterial suspension (4 x 109 to 5 x 109 organisms). Specimens of saliva and serum were collected 24 h after the final day of immunization.
Determination of immunoglobulin classes. The class(es) of specific agglutinins detected in the saliva and serum of orally sensitized mice was demonstrated by absorption with monospecific antisera (IgA and IgG) and 2-mercaptoethanol sensitivity (IgM) as described previously (4).
Statistics. Means of the reciprocal antibody titers were determined arithmetically and plotted in the figures and tables. Statistical analyses of data obtained by the passive hemagglutination and bacterial agglutination procedures were performed by Student's t test.
RESULTS

Species-specific antibacterial antibodies.
Passive hemagglutination assays demonstrated specific antibodies in both saliva and serum of immunized axenic mice when tested against sheep erythrocytes treated with culture supernatants of the bacteria. Reciprocal antibody titers of up to 320 were detected in saliva from axenic mice that were immunized and assayed with a homologous antigen. In contrast, antibodies to heterologous immunogens were detected in saliva from axenic mice in mean titers of 10 to 20 under identical conditions (Fig. 1) . Similarly, saliva from conventional mice exhibited at least a threefold increase in antibodies to the homologous antigen after the oral immunization regimen. No significant increases in the local humoral response to the heterologous antigens were noted (Fig. 2) . Sera from both conventional and axenic mice exhibited no substantial changes in specific immunoglobulin titers to the homologous or heterologous antigens after the oral sensitization regimen.
Immune response to somatic antigen of Salmonella. Bacterial agglutination was used to characterize the antibody response elicited against the nonviable bacteria. High titers of specific anti-O antibodies were detected in the saliva of mice administered these microorganisms. Axenic mice administered S. typhimurium exhibited nearly a fivefold increase in antibody concentration against the group B somatic antigen (P < 0.01) (Fig. 3) ; however, only a slight rise (P > 0.10) in titers to the heterologous group D antigen was observed. Germfree mice sensitized with either S. typhi or S. gallinarum produced reciprocal titers up to 160 when assayed against the group D somatic antigen (P < 0.01), whereas low levels were detected against the heterologous group B antigen (Fig. 3) . No significant differences in serum antibody levels to these antigens were detectable after oral immunization. tional mice, a significant rise (P < 0.01) in specific salivary immunoglobulins was demonstrated against the homologous somatic antigens. No substantial increase in antibody titers was detected to the heterologous 0 antigens (Fig. 4A) . Serum from the conventional mice exhibited anti-O titers that were apparently unaffected by the oral administration of formalin-treated organisms (Fig. 4B) . Antiflagellar antibody production. Low levels of species-specific anti-H antibodies were demonstrated in the saliva of orally stimulated axenic mice ( was performed in the axenic mice using a more defined antigen prepared from S. typhi. A somatic antigen was obtained (see Materials and Methods) and examined by agglutination using specific antisera to Salmonella 0 antigen group D, Salmonella H antigen d, and Salmonella Vi antigen. Only the anti-O antisera reacted with this antigen preparation. An H antigen of S. typhi was also prepared (see Materials and Methods), and subsequent agglutination of this antigen could only be accomplished with antisera directed against the H antigenic determinant of the microorganism. Groups of seven axenic mice were then swabbed orally for 14 days with a 15% (vol/vol) suspension of either of these preparations. Mice receiving the somatic antigen exhibited high titers of anti-O antibodies in their saliva (Fig. 5A) . No anti-H or antiVi antibodies were detectable in the saliva of these animals by the serological assay used. The germfree mice sensitized with the flagellar antigen demonstrated an enhanced oral response to the H antigen, whereas a significantly (P < 0.01) decreased anti-O antibody titer was found in their saliva as compared to the saliva of mice that had received the original bacterial preparation (Fig. 5A ). Both anti-O and anti-H titers were substantially increased in the sera from groups of animals topically immunized with the homologous antigen as compared to those groups that had received the complex bacterial preparation (Fig. 5B) .
Immunoglobulin class of antibodies produced in response to local sensitization with Salmonella species. A second purpose of this study was to examine the classes of antibodies produced in the saliva and serum in response to oral administration of certain gram-negative bacteria. The predominant immunoglobulin in saliva specific for the somatic antigens was IgA, whereas the remaining antibody was IgG (Table 3) . Random samples of saliva from the axenic groups (Tables 3 and 5) were also subjected to absorption procedures with anti-IgA antisera. Reacting the resulting supernatants against the homologous somatic antigens indicated that uniformly 50 to 75% ofthe agglutinating activity was removed from the specimens. When the complex bacterial preparation was used as the antigen, the salivary response to the flagellar and virulence antigens was exclusively IgG (Table 3) . Serum antibodies that were demonstrated after topical administration of the original bacterial preparation were completely inactivated by treatment with 2-mercaptoethanol when assayed against the 0, H, and Vi antigens (Table 4) .
When the concentration of the flagellar antigen was increased by immunization with H antigen, IgA response was observed in the salivary secretions (Table 5) . Salivary samples were also assayed against the homologous flagellar antigen of S. typhi (Table 5 ) after removal of IgA from the secretions. Antibody titers were reduced by 45 to 50%, complementing the results obtained by absorption with antiIgG, which removed 50 to 60% of the agglutinin capacity (Table 5) Serological antigens obtained from Difco Laboratories were used in a bacterial agglutination assay. b Indicates mean reciprocal antibody titers, with ranges in parentheses. c Indicates that no antibodies were detected by the serological assay. d ND, Not done. e 2-ME, 2-Mercaptoethanol. ' Mean reciprocal serum antibody titers of three of seven mice with agglutinating capabilities after treatment with 2-ME; four of seven mice had undetectable titers after treatment.°R eciprocal serum antibody titers of three of seven mice that had agglutinins present after treatment with 2-ME.
defined somatic antigen was used as the immunizing agent, all of the observed antibodies were IgM (Table 5) . When the defined flagellar preparations were used as the sensitizing antigens, the sera of three of seven mice contained IgG and IgM specific for the H antigen (Table 5) . DISCUSSION The present study demonstrated that secretory antibodies produced in the oral cavity of mice exhibited specificities similar to serum antibodies. Recently, it was suggested that the local immune response to influenza viruses exhibited a broad specificity, in contrast to the concomitant systemic immune reaction (3, 29) . However, investigations of local intestinal immunity to infections with Vibrio cholerae indicated that both local and systemic antibodies demonstrated species-specific characteristics (6, 7). Also, it was shown that the predominant class of antibody present in the secretions was IgA. Waldman et al. (28) The production of antibodies exhibiting specificity toward certain heterologous antigens (i.e., other Salmonella) was also noted in the present investigation. This would be expected because of the antigenic similarities retained by the various Salmonella used. However, when the saliva and/or serum samples were tested against either an E. coli somatic antigen or a streptococcal group H carbohydrate antigen, no increase in agglutinating activity was observed.
Orally administered nonviable Salmonella stimulated secretory antibody responses to both somatic and flagellar antigenic determinants. In both cases these responses were shown to be specific for the bacterial preparation used in the immunization procedure. Similarly, after the oral sensitization regimen serum antibodies that agglutinated both the Salmonella 0 and H antigens were demonstrated. Immunoglobulin responses to the protein H antigen attained higher titers in the serum than those observed in saliva. This contrasted with the anti-O response, which was greater at the local site than in the serum. This pattern is similar to that observed with E. coli antigens (4) and may suggest a differential absorption and/or processing of the two types of materials by the immune system of axenic mice.
Antigen preparations containing somatic or flagellar determinants were also administered to other groups of mice. An increase in local and systemic antibody production to homologous antigen was observed when compared to titers determined for groups of mice administered the original Salmonella preparations. The salivary immune response to the H antigen increased significantly after sensitization with the formalin-treated flagellar preparation. Apparently, the low levels of antiflagellar agglutinins in the first group of immunized mice were related to the low concentration of the protein antigen present in the suspension of microorganisms.
Examination of the locally and systemically produced immunoglobulin classes after oral administration of bacterial antigens has indicated that the initial response appears to be IgG, followed by the production of IgA. The latter becomes the predominant antibody in the exocrine secretions (4; Ebersole and Molinari, in preparation). Conventional mice had a low background level of anti-O antibodies in salivary secretions. This antibody was shown to be predominantly IgG; however, after oral sensitization with the killed microorganisms, the primary antibody produced was IgA. Similarly, axenic mice administered the Salmonella preparation containing both the somatic and flagellar determinants developed a low-level IgG response to the H antigen. In contrast, when germfree mice were immunized with the prepared H antigen, they exhibited an enhanced response consisting primarily of IgA. Therefore, it appeared that the local response to both lipopolysaccharide and protein antigens of gram-negative bacteria is initially IgG, followed by IgA, with the latter becoming the predominant antibody class in the exocrine secretions. The serum antibody response to the somatic antigen was exclusively IgM, as has been reported in other investigations (1, 4, 12) . However, mice immunized with the H antigen preparation exhibited both IgM and IgG antibodies, indicative of a primary immune response in the serum after oral administration of the antigens.
The present report examined secretory immune responses of the mouse after topical administration of nonreplicating particulate antigens. The axenic system provides an excellent tool for elucidating the relationship between local and systemic humoral immunity to bacterial antigens. 
